Objective: We compared intracranial collaterals on pretreatment and day 2 brain CT angiograms (CTA) to assess their evolution and relationship with functional outcomes in acute ischemic stroke (AIS) patients treated with IV tissue plasminogen activator (tPA).
Ischemic stroke is the largest contributor to disability in most developed countries. In clinical practice, infarct growth does not always progress to involve the full extent of the vascular territory, even if the affected intracranial artery fails to recanalize. The presence and recruitment of various collateral channels are believed to be responsible for this phenomenon in acute ischemic stroke (AIS). 1 These collaterals may also play an important role in influencing the safety and efficacy of acute revascularization approaches. 2 Although blood supply from the leptomeningeal collaterals may temporarily maintain the ischemic penumbra, the persistence and effectiveness of this alternative circulatory supply is erratic and unpredictable. Some collaterals may disappear over time (collateral failure); this is one of the mechanisms responsible for clinical deterioration following initial improvement. 3 Conversely, dramatic resolution of initial neurologic deficits may be seen though the occluded intracranial artery did not recanalize, often attributable to the rapid improvement of cerebral perfusion via effective collateral pathways (collateral recruitment). Therefore, the temporal behavior of intracranial collaterals may play an important role in determining the functional outcome in AIS patients.
CT angiography (CTA) of the brain is acutely performed in AIS patients before or immediately after administering IV tissue plasminogen activator (tPA) in many centers. CTA is repeated on day 2 for the assessment of arterial recanalization in some centers. We evaluated the temporal evolution of intracranial collaterals during the first 24 hours for the assessment of its effect on functional outcome and hemorrhagic complications in IV-tPA-treated AIS patients.
METHODS A total of 359 (9.97% of all AIS hospitalized) patients received IV tPA up to 4.5 hours at our tertiary center between January 2010 and December 2013. Patients who underwent CTA of the brain before IV tPA and on day 2 were included in this study if they had a middle cerebral artery stroke. Patients with renal impairment and allergy to radiocontrast were excluded. A total of 209 (58.2% of IV tPA-treated patients) patients were included on these criteria. Data for demographic characteristics and vascular risk factors were extracted from the prospective thrombolysis registry. Systemic blood pressure values were recorded at presentation and at 24 hours after thrombolysis. AIS subtypes were determined using the Trial of Org 10172 in Acute Stroke Treatment classification. 4 NIH Stroke Scale (NIHSS) scores were recorded by credentialed neurologists before IV tPA bolus, at 2 and 24 hours after treatment initiation. Functional outcome was assessed by the modified Rankin Scale (mRS) at 3 months by in-person visits by certified assessors blinded to treatment and images. An mRS score of 0-1 was defined as a good functional outcome. Symptomatic intracranial hemorrhage (SICH) was defined as the presence of new blood on the followup CT scan that was associated with an increase in NIHSS by 4 points or more. 5 A noncontrast CT scan of the brain and high-resolution CTA were performed in all patients before administering IV tPA and another CTA was performed on day 2. Scans were performed on a 64-slice multidetector helical scanner (Philips, Best, the Netherlands) and images were acquired with 70 mL bolus injection of contrast. Scan parameters were slice thickness 1 mm, no slice gap, field of view 200 mm, matrix 512 3 512, and 230-250 mAs. Coverage was from the base of the skull to the vertex and the source images were reformatted into 3-mm-thick axial, coronal, and sagittal projections. The repeat CTA was performed at 24 6 6 hours after IV tPA bolus for all patients using the same protocol.
CTA images were independently reviewed by 2 experienced neuroradiologists using maximum intensity projections in the axial planes. They were blinded to the patients' clinical status, outcome, and results of other neuroimaging modalities. Recanalization was grouped according to the arterial occlusive lesion score with 0 or 1 being an occluded vessel and a score of 2 or 3 being a vessel that had recanalized. 6 Day 2 CTA was compared with the pretreatment CTA for collateral score, recruitment, and failure according to 3 predefined criteria. These scoring systems were chosen to encompass various existing methods of CTA collaterals scoring. The Miteff system focuses on the sylvian fissure vessels, the Maas system compares the vessels from side to side, and the Alberta Stroke Program Early CT Score (ASPECTS) system subdivides the leptomeningeal collaterals into several more objective measurable areas. These scoring systems have been described previously and more details can be found in figures e-1-e-3 on the Neurology ® Web site at Neurology.org. [7] [8] [9] [10] For our study, a 1-point improvement in grading was considered collateral recruitment, while a 1-point worsening was considered collateral failure.
Statistical methods. We present the numerical variables as mean and SD or median and range. Categorical variables are presented as percentages. Numerical predictors were tested by using 2-sample t test or Mann-Whitney U test where applicable. Categorical variables were evaluated using x 2 test or Fisher exact test where applicable. Variables that were found to have a significant association (p , 0.05) were entered into the multivariable model to perform logistic regression for determining the independent predictors of the prespecified good and poor functional outcome at 3 months. To improve the robustness of our statistical model, variables with p , 0.10 were also included into a multivariable logistic regression model with backward stepwise selection procedure. Associations are presented as odds ratios (OR) with corresponding 95% confidence intervals (CI). Receiver operating characteristic (ROC) curves were computed for the imaging parameters studied. In a subanalysis, we stratified the cohort by recanalization status and collateral status on the pretreatment CTA for 2 further separate analyses. Finally, interobserver and intraobserver variability for assessment of collateral status between the 2 observers was tested using kappa statistics. Statistical analyses were performed using the Statistical Package for Social Sciences version 20 (SPSS Inc., Chicago, IL).
Standard protocol approvals, registrations, and patient consents. Ethical approval for this project was obtained from the institutional review board (IRB). The clinical and radiologic data were obtained from an ongoing prospective database and a waiver of consent was approved by the same IRB.
RESULTS
A total of 359 patients were treated with IV tPA; overall, 209 (58.2% of all IV tPA-treated patients) were included. For the 150 excluded patients, reasons for their exclusion and their demographics are found in table e-1.
For the included patients, the median age was 64 years (range 29-92) and 131 (62.7%) patients were men. The pre-tPA median NIHSS score was 19 points (range 4-33). Median onset to treatment time was 160 minutes (range 66-291); 4 patients were treated outside the 4.5 hours window (table e-2). Hypertension was the commonest risk factor, with 132 (63.2%) patients, followed by dyslipidemia in 108 (51.7%) patients. Overall, 98 (46.8%) patients achieved good functional outcome at 3 months and mortality was noted in 16 (7.6%) patients (table 1) .
The degrees of agreement between the 2 independent neuroradiologists for interpreting the collaterals were as follows: for Mass system, к 5 0.82 (95% CI 0.75-0.84) for leptomeningeal and к 5 0.87 (95% CI 0.80-0.91) for Sylvian fissure vessels; for the Miteff system, к 5 0.91 (95% CI 0.86-0.93); for the ASPECTS-based grading system, к 5 0.77 (95% CI 0.70-0.81).
Functional outcome. On univariable analysis, younger age, male sex, absence of hypertension, nonsmoker, absence of atrial fibrillation (AF), lower pre-tPA NIHSS scores at onset and 24 hours, collateral recruitment by ASPECTS method, and recanalization of the occluded intracranial artery were found to be associated with functional outcomes (table e-3). However, multivariate logistic regression analyses revealed only recanalization of the initially occluded vessel (OR 7.87, 95% CI 2.710-22.849, p , 0.001) as independent predictor of good functional outcome at 3 months. Conversely, older age (OR 1.07 per year, 95% CI 1.034-1.106, p , 0.001) and higher NIHSS scores (OR 1.17 per point, 95% CI 1.082-1.263, p , 0.001) were associated with poorer outcomes (mRS 2-6) (tables 2 and e-4). ROC curves for ASPECTS collateral recruitment were not significant (appendix e-1). Interestingly, collateral failure (day 2 CTA with reduction of the collaterals seen as compared to the initial CTA) showed no association with functional outcome at 3 months.
SICH. SICH was observed in 18 (8.6%) patients. On univariate analysis, collateral recruitment according to ASPECTS and the Miteff scoring system were associated with SICH. Other variables with association included hypertension, a higher NIHSS score, and the presence of recanalization (table e-3) . On multivariate analysis, only NIHSS score at presentation (OR 1.18 per point increase, 95% CI 1.035-1.374, p 5 0.025) was found to be an independent predictor of SICH. Collateral recruitment by ASPECTS methodology was not associated with SICH (OR 1.14 per point, 95% CI 0.997-1.308, p 5 0.055) (figure 1). Collateral failure on the day 2 CTA was not associated with SICH (table e-4).
Mortality. A total of 16 (7.6%) patients died within 3 months after AIS. Factors associated with mortality on univariable analyses were higher NIHSS score at 24 hours, older age, AF, and collateral recruitment on day 2 CTA by the ASPECTS grading system and the Miteff grading system (table e-3). On multivariate analysis, higher NIHSS score at 24 hours (OR 1.14 per point, 95% CI 1.057-1.235, p 5 0.001) and collateral score by the Miteff system (OR 3.38 per 1 grade, 95% CI 1.010-11.283, p 5 0.048) and ASPECTS methodology (OR 1.160 per point, 95% CI 1.026-1.312, p 5 0.017) were independent predictors of mortality (table 2) . ROC curves for ASPECTS collateral recruitment were significant (appendix e-1). Collateral failure on the day 2 CTA did not show any association with mortality.
Stratification by initial collateral status. In our previous study, we noted that good early pretreatment CTA collaterals via the Miteff system were associated with good outcome at 3 months. 11 We stratified our cohort by good and poor collaterals on the initial CTA scan by the Miteff system to test if the initial collateral status had bearing on the evolution of collaterals and its associated clinical effects. For the group with good initial collaterals, collateral recruitment and collateral failure were not associated with good functional outcomes, mortality, or bleeding risk using the Maas, Miteff, or ASPECTS system. Interestingly, for the group with poor initial collaterals, collateral recruitment by the Miteff, Mass, or ASPECTS system was associated with worse outcomes and a higher risk of any intracranial hemorrhage but not mortality or SICH (figure 2, A-C). This bleeding risk was still significant when controlled for onset to treatment time and the use of prior antiplatelet or anticoagulation before IV tPA (data not shown).
Stratification by recanalization status. To determine if recanalization status affected the clinical effect of collateral change, we stratified our cohort by the recanalization status of the primarily occluded intracranial artery. In the group with recanalization of the occluded artery, collateral recruitment by the Miteff system was associated with good functional outcome at 3 months and a higher risk of any intracranial hemorrhage (but not SICH). This bleeding risk was still significant when controlled for onset to treatment time and the use of prior antiplatelet or anticoagulation before IV tPA (data not shown). In the group without recanalization but with collateral recruitment, there was an association with worse outcome and mortality with the Miteff classification, while the ASPECTS system showed an association with mortality ( figure 3) .
DISCUSSION Contrary to general opinion, our study shows that substantial delayed collateral recruitment seen in the day 2 CTA in IV tPA-treated AIS patients resulted in a higher risk of poor outcome and mortality. Perhaps a delayed attempt to increase the regional cerebral perfusion is futile or even harmful and all attempts should be made to restore the arterial patency in AIS as early as possible.
Leptomeningeal collaterals in AIS are dynamic, especially during the first few hours or days of AIS. In rat studies, 3 different types of collaterals have been identified: transient collaterals that could be seen immediately after the stroke and last less than 90 minutes; impermanent collaterals that disappear after 90-150 minutes; and persistent collaterals, which can be seen for longer periods. 12 There is a dearth of literature on the temporal evolution of leptomeningeal collaterals in AIS in humans. Perhaps this is due to the emergent nature of AIS, which is not conducive to serial imaging required for elucidating this phenomenon.
Immediately after occlusion of a large artery, the ensuing drop in distal perfusion pressure and relaxation of smooth muscles generates a pressure gradient between adjacent arterial fields, leading to recruitment of potential collaterals. 13, 14 Besides the rapid compensatory reflex, there is a slower response, which occurs over several days following the occlusion, mediated by metabolic causes, angiogenesis, and other less well-understood factors. [15] [16] [17] If the ischemia develops slowly over an even longer period, the human brain is good at maintaining persistent collaterals. One example of this phenomenon is evident in patients being asymptomatic despite bilateral and severe carotid artery atherosclerosis. 18 A previous study evaluated the relation of perfusion mismatch and pretreatment angiographic collaterals to tissue fate in the immediate postischemic time frame. Patients with good collateral flow demonstrated less hypoperfused tissue and less infarct growth within the penumbra zone than those with poor collaterals. 19 This relationship between good early collaterals on pretreatment imaging and smaller infarct volume with better outcomes has been described in several studies. [20] [21] [22] Despite this positive relationship, its role in therapeutic decision-making for AIS patients Stratification by the Miteff system, the Maas system, and the ASPECTS collateral system (A) Stratification by the Miteff system: Using Miteff grading, we stratified good and poor collateral circulation by the initial CT angiogram (CTA), and then analyzed collateral recruitment (improved by 1 grade) or collateral failure (worsened by 1 grade) on day 2 CTA to predict outcomes. (B) Stratification by the Maas system: Using Maas grading, we stratified good and poor collateral circulation by the initial CTA, and then analyzed collateral recruitment (improved by 1 grade) or collateral failure (worsened by 1 grade) on the day 2 CTA to predict outcomes. (C) Stratification by the Alberta Stroke Program Early CT Score (ASPECTS) collateral system: Using the ASPECTS collateral grading system, we stratified good and poor collateral circulation by the initial CTA, and then analyzed collateral recruitment (improved by 1 grade) or collateral failure (worsened by 1 grade) on the day 2 CTA to predict outcomes. mRS 5 modified Rankin Scale; OR 5 odds ratio; Sympt bleed 5 symptomatic intracranial bleed.
remains poorly established. We recognize that good initial collaterals are beneficial but how does the change in collaterals affect our clinical management? While the aforementioned study looked at early collaterals, we evaluated the longitudinal change in the collateral status during the first 24 hours. Analogous to rat studies, the recruited collaterals evaluated in our study were persistent rather than impermanent or transient. 12 In animal studies, if this subacute response resulted in hyperperfusion at day 4, it was associated with a larger final infarct size as compared to animals with maximal hyperperfusion at day 1. 23 Our study shows that collateral recruitment on the day 2 scan per se is an independent predictor of higher mortality, but not functional outcomes. This is contrary to our 2 previous studies that analyzed leptomeningeal collaterals in isolation at the pre-tPA CTA and at the repeat CTA; both studies showed that good collaterals are associated with good outcomes. 11, 24 We do not wish to give the impression that collaterals are undesirable, but rather that the timing when these collaterals are recruited may be important. Even with a persistent occlusion, there can be both a failure of the collateral circulation and a recruitment of collaterals via other pathways ( figure e-4, A and B) . Interestingly, when we stratified our data by recanalization status, the patients with recanalization of the primary vessel and collateral recruitment achieved better functional outcome, albeit with a risk of bleeding, while patients without recanalization and collateral recruitment tended to have a higher risk of worse outcome and mortality. Thus, delayed collateral recruitment appears to be useful only with recanalization and is detrimental without it.
The initial state of the collateral circulation on the pretreatment CTA also has a bearing on the clinical effect of the collateral recruitment on the day 2 CTA. When stratified by the status of the collateral circulation on the pretreatment CTA, collateral recruitment with good pretreatment collaterals was not associated with any of our measured outcomes. However, collateral recruitment with poor pretreatment collaterals was associated with poor functional outcome at 3 months and a higher risk of intracranial hemorrhage. Why does delayed collateral recruitment lead to worse outcomes? One plausible mechanism could be related to the maximal vasodilation in the ischemic area and how collateral recruitment in the adjacent regions may trigger a steal-like phenomenon with resultant expansion of the ischemic core. 25, 26 Another possible mechanism could be related to failed autoregulation in the affected vascular territory, leading to increased hyperperfusion damage with a higher chance of bleeding. 23 In early animal studies, this pattern of subacute postischemic circulatory increase was termed reactive hyperemia and was always followed by a delayed reduction in blood flow and subsequent infarction. [27] [28] [29] [30] Interestingly, failure of intracranial collaterals was unable to predict patient outcome. We postulate that the transient collaterals during the early critical period were more important. By the time we performed the imaging for collaterals (at day 2), the transient collaterals would have already disappeared. This could explain our observation that collateral failure on the day 2 CTA was not associated with worse outcomes, mortality, or SICH.
Our study has several limitations. Although our study represents the largest attempt at evaluating the effect of temporal evolution of intracranial collaterals on outcomes in thrombolyzed AIS patients, its retrospective nature may be considered as a limitation. Second, our study population had relatively severe strokes (median NIHSS score 19 points), as well as a high preponderance of AF. These might have influenced the behavior of various collaterals and an increased SICH rate. Third, we evaluated the collateral status on pretreatment and day 2 CTAs. We do not have data on the earlier transient and impermanent collaterals and we only had data on the presence of but not the timing of recanalization. These factors might serve as important determinants of outcome as well as hemorrhagic complications in thrombolyzed AIS patients. We would have ideally performed another CTA shortly after thrombolysis, but this is clinically not feasible. We appreciate that CTA provides only a snapshot of the passage of the contrast through the intracranial vasculature and hence the extent of collaterals may vary with the timing of image acquisition. We included only patients with MCA territory strokes in this study and the results should not be generalized to other vascular territories. Finally, we did not have the benefit of perfusion scans, neither were we able to quantify the volume of infarct for this study. The next step would be to perform objective quantitative analysis of collaterals with time to determine if this can aid clinically in the subselection of patients for endovascular treatment.
Our study shows that the behavior of intracranial collaterals during the first 24 hours plays an important role in determining the outcomes in AIS. Good leptomeningeal collaterals have been shown previously to be desirable but recruitment of delayed collateral can conversely result in worse outcomes. It is important to note that the collateral scoring on day 2 CTA should not be done in isolation and the recanalization status of the primary arterial occlusion as well as collateral status on the pretreatment CTA should be taken into consideration.
